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Abstract 

Y(OH)3 -coated  Ni(OH)2  tubes  with  mesoscale  dimensions  were  synthesized  by  a  two-step  chemical  precipitation  method  under  ambient 
conditions.  The  products  were  characterized  using  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  transmission  electron 
microscopy  (TEM)  and  high-resolution  TEM  (HRTEM)  equipped  with  energy  dispersive  spectroscopy  (EDS).  The  instrumental  analyses 
showed  that  the  size  of  the  tubes  was  of  mesoscale  dimension  and  the  proportion  of  the  tube  morphology  was  about  95%.  The  as-prepared 
Y(OH)3-coated  Ni(OH)2  tubes  were  further  used  as  the  active  material  of  alkaline  rechargeable  batteries.  The  electrochemical  studies  revealed 
that  the  composite  tubes  exhibited  superior  electrode  performance  such  as  high  discharge  capacity,  good  redox  reversibility  and  excellent 
charge-discharge  properties  at  high-temperature  and  high-discharge  rate.  The  reason  for  the  working  mechanism  is  also  discussed,  showing 
that  the  tube  hollow  structure  plays  important  roles  in  optimizing  the  performance  of  the  Y(OH)3 -coated  Ni(OH)2  tube  electrodes. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Rechargeable  batteries  play  more  and  more  important 
roles  in  daily  life,  especially  in  power  tools,  portable  elec¬ 
tronics  and  electric  vehicles  [1,2].  Nickel  hydroxide  is  widely 
used  as  the  active  material  for  the  positive  electrode  of 
Ni-based  alkaline  rechargeable  batteries  (e.g.  Fe/Ni,  Zn/Ni, 
Cd/Ni  and  MH/Ni)  due  to  its  high  power  density,  good 
cycling  ability,  and  relatively  low  price  [3].  For  reasons  of 
proper  recombination  reactions  and  safety,  the  capacities 
of  the  Ni-based  alkaline  rechargeable  batteries  are  usually 
positive-electrode  limited,  and  this  suggests  that  improving 
the  properties  of  the  nickel  hydroxide  electrode  is  essential 
to  promote  the  performance  of  such  batteries. 

The  overall  electrochemical  reactions  occurring  at  a  usual 
reversible  nickel  electrode  can  simply  be  written  as  the  equa¬ 
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tion  that  follows: 

Ni(OH)2  +  OH"  ^  NiOOH  +  H20  +  e"  (1) 

Traditionally,  the  theoretical  capacity  of  the  nickel 
hydroxide  is  believed  to  be  289mAhg_1  if  the  elec¬ 
trode  reaction  involves  one-electron  transfer.  However,  the 
charge-discharge  reactions,  which  actually  take  place  in 
the  nickel  hydroxide  electrode,  are  much  more  complex. 
It  has  been  reported  that  four  structural  types  of  nickel 
hydroxides  and  oxyhydroxides  exist  during  the  lifetime  of  a 
nickel  hydroxide  electrode,  namely,  (3-Ni(OH)2,  (3-NiOOH, 
y-Ni(OH),  and  a-Ni(OH)2  [4].  The  nickel  oxidation  state 
in  7-NiOOH  is  known  to  exceed  3  because  of  Ni4+  defect 
[5],  thus  Ni(OH)2  can  yield  a  higher  discharge  capacity  than 
289  mAh  g-1.  However,  the  formation  of  these  phases  leads 
to  volume  expansion  or  swelling  of  the  electrode,  and  then 
particle  contact  due  to  these  phases  change  increases  the 
resistance  of  the  electrode  reaction,  especially  at  high-rate  or 
high-temperature  charge/discharge  [6].  To  improve  the  char¬ 
acteristics  of  the  nickel  hydroxide  electrode,  much  research 
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has  been  focused  on  the  development  of  spherical  Ni(OH)2 
powder,  employing  additives  such  as  cobalt,  aluminum,  and 
rare-earth-based  oxides  and  hydroxides  [7-11].  The  addi¬ 
tion  of  yttrium  shows  great  influence  on  the  performance 
of  the  batteries  under  high- temperature  [12].  It  has  also  been 
reported  that  nickel  hydroxide  with  a  smaller  crystalline  size 
exhibits  superior  electrochemical  behaviors  [13,14].  How¬ 
ever,  the  core  of  spherical  nickel  hydroxide  powder  is  still 
inactive  because  of  the  diffusion  barrier.  In  comparison, 
Ni(OH)2  tubes  in  mesoscale  dimensions  facilitate  proton 
diffusion  and  exhibit  excellent  electrochemical  performance 
such  as  high  capacity  and  cycling  stability  [15].  However,  in 
high  power  application  such  as  electric  vehicles,  the  devel¬ 
opment  of  nickel-based  electrodes  is  limited  by  the  critical 
requirement  of  high-temperature  and  high  discharge-charge 
rate  performance.  Therefore,  although  numerous  studies  have 
been  carried  out  in  order  to  improve  the  characteristics  of 
nickel  hydroxide  electrodes,  the  results  are  still  not  complete. 
In  particular,  the  utilization  of  the  active  materials  at  high- 
temperatures,  which  is  very  critical  for  battery  application  in 
electric  vehicles,  limits  further  development  for  nickel  elec¬ 
trodes. 

In  this  work,  the  Y(OH)3 -coated  Ni(OH)2  tubes  were  pre¬ 
pared  by  a  two-step  chemical  precipitation  method  using 
porous  alumina  membranes  as  the  template.  The  electro¬ 
chemical  properties  of  the  as-prepared  product  was  fur¬ 
ther  tested  and  the  results  showed  that  the  Y(OH)3 -coated 
Ni(OH)2  composite  tubes  in  mesoscale  dimensions  were 
promising  active  materials  for  the  positive  electrodes  of  alka¬ 
line  rechargeable  batteries. 

2.  Experimental 

2.7.  Synthesis  and  characterization  ofY(OH)3~coated 
Ni(OH)2  tubes 

The  Ni(OH)2  tubes  coated  with  5  wt.%  Y(OH)3  were 
prepared  using  a  two-step  chemical  deposition  process. 
Anodic  aluminum  oxide  membranes  (Whatman,  047  mm 
with  0.2  pan  pores  and  60  jxm  thickness)  were  used  as  the 
templates.  Ni(N03)2-6H20,  Y(N03)3*6H20,  ammonia,  and 
other  reagents  were  all  of  analytical  grade  and  used  without 
further  purification.  In  a  typical  synthesis,  an  alumina  tem¬ 
plate  was  gently  immersed  in  0. 1  M  Y(N03)3  6H2O  aqueous 
solution  for  3  h  and  then  was  taken  out  to  remove  the  solu¬ 
tion  on  the  template  surface.  Ammonia  (0.5  M)  was  slowly 
dripped  onto  the  membrane,  and  the  ammonia  solution  gradu¬ 
ally  penetrated  the  template  to  react  with  Y(NC>3)3 .  This  solu¬ 
tion  filling  and  Y(OH)3  precipitation  procedure  was  repeated 
several  times  to  form  the  tubes  in  the  template  pores.  Then 
the  similar  procedure  was  carried  out  for  Ni(OH)2  deposition 
except  for  longer  reaction  time  and  higher  solution  concentra¬ 
tion.  After  that,  the  membrane  was  dissolved  by  2M  NaOH 
solution  to  remove  the  alumina.  The  product  was  collected 
by  filtration,  washed  with  deionized  water,  and  dried  at  60  °C 


in  vacuum  for  2  h.  The  reactions  involved  in  the  preparation 
process  can  be  expressed  as 

Nanotube  preparation: 

Y(N03)3  •  6H20  +  3NH4OH 

->  Y(OH)3  +  3NH4NO3  +  6H20 

Ni(N03)2  •  6H20  +  2NH4OH 

->  Ni(OH)2  +  2NH4NO3  +  6H20 

Template  dissolution: 

A1203  +  2NaOH  ->  2NaA102  +  H20 

The  as-synthesized  samples  were  characterized  by  powder 
X-ray  powder  diffraction  (Rigaku  INT-2000  X-ray  genera¬ 
tor,  Cu  Ka  radiation),  scanning  electron  microscopy  (Philips 
XL-30, 20  kV),  transmission  electron  microscopy  (TEM)  and 
high-resolution  TEM  (Philips  Tecnai  F20,  200  KV)  equipped 
with  energy  dispersive  spectroscopy. 

2.2.  Electrochemical  measurement 

Nickel  hydroxide  electrodes  were  prepared  by  inserting 
an  active  paste  into  a  nickel  foam  substrate.  A  paste  contain¬ 
ing  85  wt.%  active  materials  (5  wt.%  Y(OH)3 -coated  nickel 
hydroxide  powders),  10  wt.%  carbon  black,  and  5  wt.%  poly- 
tetrafluoroethylene  (PTFE)  was  used.  The  electrode  was  dried 
at  80  0  C  for  1  h  and  cut  into  disk  ( 1 . 2  cm  x  1 . 2  cm) ,  which  was 
pressed  at  a  pressure  of  100  kg  cm-2  to  a  thickness  of  0.4  mm. 
The  electrode  was  spot- welded  to  a  nickel  sheet  for  electrical 
connection.  Electrochemical  measurements  were  performed 
using  a  Solartron  SI  1260  Potentionstat  Analyzer  with  1287 
Interface  and  an  Arbin  charge/discharge  unit  at  controlled 
temperatures  in  an  electrochemical  cell,  which  contained  the 
nickel  hydroxide  working  electrode,  a  metal  hydride  elec¬ 
trode,  a  Hg/HgO  reference  electrode,  and  6  M  KOH  solution 
as  the  electrolyte.  As  a  comparison,  pure  nickel  hydroxide 
tubes  reported  previously  [15]  and  commercial  spherical- 
powder  (Tanaka  Chemical,  Japan)  were  also  prepared  into 
electrodes  for  electrochemical  measurement.  The  discharge 
capacity  of  the  nickel  hydroxide  in  each  positive  electrode 
was  calculated  considering  the  amount  of  the  active  material 
Ni(OH)2  only. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  as -synthesized  product 

The  powder  XRD  pattern  of  the  as-prepared  Y(OH)3- 
coated  Ni(OH)2  tubes  is  shown  in  Fig.  1.  Nearly  all  the 
reflection  peaks  can  be  indexed  as  Ni(OH)2 -0.75^0  (com¬ 
pared  with  the  data  of  JCPDS  file  No.  38-0715)  and  Y(OH)3 
(ICDD-JCPDS  card  no.  09-0062).  The  remaining  unmarked 
peaks  may  attribute  to  residual  reactants  or  the  remaining 
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Fig.  1.  XRD  pattern  of  the  Y(OH)3 -coated  Ni(OH)2  tubes. 


Y(OH)3 -coated  Ni(OH)2  tubes  scattered  on  the  copper  mesh. 
The  brightness  difference  between  the  center  and  the  edge  of 
the  mesostructure  confirms  that  the  as-prepared  samples  are 
of  hollow-tube  morphology.  It  can  be  seen  in  Fig.  4b  that  the 
hollow  tube  has  an  outer  diameter  of  about  200  nm  and  a  wall 
thickness  of  30-40  nm.  This  agrees  with  the  SEM  measure¬ 
ment.  HRTEM  image  (Fig.  4c)  shows  the  layer  structure  of 
the  composite  tubes,  which  presumably  compose  of  an  outer 
thin  layer  of  Y(OH)3  and  an  inner  relatively  thick  layer  of 
Ni(OH)2.  On  the  basis  of  the  SEM  and  TEM  observations, 
the  proportion  of  the  tube  morphology  was  estimated  to  be 
about  95%.  As  a  result,  the  size  of  the  tubes  is  definitely  of 
mesoscale  dimension  under  our  synthesis  conditions. 

3.2.  Electrochemical  measurement 


alumina.  Meanwhile,  the  broadening  of  peaks  in  the  XRD 
spectra  indicates  that  the  crystalline  size  is  very  small. 

Fig.  2  shows  the  EDS  pattern  of  the  obtained  composite 
tubes.  The  presence  of  C  and  Cu  in  the  EDS  pattern  is  due 
to  the  copper  mesh  and  carbon  film,  which  were  used  as  the 
TEM  grid  to  support  the  sample.  Al  presence  is  owing  to 
the  trace  remaining  alumina.  Based  on  the  EDS  analysis,  the 
calculated  weight  ratio  ofNi(OH)2  and  Y(OH)3  is  about  95:5. 

Fig.  3  shows  the  SEM  images  of  the  sample  at  different 
magnifications.  Fig.  3a  is  a  front  view  of  the  product,  from 
which  it  can  be  seen  that  a  large  quantity  of  tubular  bun¬ 
dles  were  obtained.  A  remaining  trace  of  the  alumina  matrix 
can  be  found  inside  the  tube  array,  which  is  in  agreement 
with  the  EDS  analysis.  This  might  be  the  reason  why  the 
tubes  arranged  parallel  to  one  another.  Fig.  3b  shows  that 
the  Y(OH)3 -coated  Ni(OH)2  tubes  are  open-ended  cylinders 
with  smooth  surface.  The  tubes  are  almost  200  nm  in  diame¬ 
ter,  and  this  corresponds  to  the  length  of  the  pore  size  in  the 
alumina  template. 

TEM  and  HRTEM  images  of  the  Y(OH)3 -coated  Ni(OH)2 
tubes  are  shown  in  Fig.  4  to  further  investigate  the  detailed 
structure  of  the  tubes.  Fig.  4a  shows  TEM  image  of  a  group  of 


Fig.  2.  EDS  pattern  of  the  obtained  Y(OH)3 -coated  Ni(OH)2  composite 
tubes. 


Fig.  5  shows  the  first  cyclic  voltammo grams  of  the  three 
electrodes  made  by  the  Y(OH)3 -coated  Ni(OH)2  tube  (A), 
pure  Ni(OH)2  tube  (B),  and  spherical  Ni(OH)2  powder  (C). 
Similarly  shaped  voltammograms  were  also  obtained  from 
the  second  to  the  fifth  cycle,  which  is  not  shown  here. 
Reversible  peaks  can  be  observed  for  these  three  electrodes, 
but  their  characteristics  differ  greatly  from  each  other.  The 
data  in  Fig.  5  are  listed  in  Table  1  in  more  detail.  As  seen  in 
Fig.  5,  two  peaks  appeared  when  the  electrodes  were  scanned 
cathodically,  which  can  be  assigned  to  the  oxidation  poten¬ 
tial  E0  and  oxygen-evolution  potential  £oe,  respectively. 
During  the  following  anodic  process,  only  one  peak  was 
observed,  which  was  generally  named  reduction  potential 
£r.  The  difference  between  Eo  and  £r,  namely  Eq  —  £r, 
is  always  taken  as  an  estimate  of  the  reversibility  of  the  elec¬ 
trode  reaction  [16,17].  Smaller  Eq  —  £r  value  indicates  more 
reversible  electrode  reaction.  Note  that,  the  Eq  —  £r  value  of 
B  is  almost  two  times  that  of  A,  and  C  is  nearly  three  times 
larger  compared  with  A.  It  is  also  obvious  that  the  relative 
intensities  of  Eo  and  £r  for  A  are  much  higher  than  C,  which 
indicates  that  the  energy  transfer  occurred  in  the  reaction  is 
higher.  Meanwhile,  the  value  of  £oe  —  Eo  for  A  increased 
greatly  in  comparison  with  that  of  B  and  C.  This  value  is 
also  an  important  parameter  for  judging  the  performance  of 
the  nickel  electrode.  The  large  value  allows  the  electrode  to 
be  charged  fully  before  oxygen  evolution.  Consequently,  it 
can  be  deduced  that  the  Y(OH)3 -coated  Ni(OH)2  tube  elec¬ 
trode  exhibits  much  better  electrochemical  cycling  properties 
than  that  of  the  spherical-powder  and  pure  Ni(OH)2  tube 
electrodes. 


Table  1 

Experimental  data  summary  from  the  cyclic  voltammetric  measurements 
Electrode  Potentials  (mV) 


Er 

Eo 

Eoe 

Eo  —  Er 

Eoe  —  Eo 

A 

401 

470 

562 

69 

92 

B 

365 

497 

562 

132 

65 

C 

335 

515 

559 

180 

44 

Er:  reduction  potential;  Eo :  oxidation  potential;  Eoe-  oxygen-evolution 
potential. 
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Fig.  3.  Typical  SEM  images  of  the  as-synthesized  Y(0H)3 -coated  Ni(OH)2  tubes,  (a)  Overall  view  at  low  magnification;  (b)  side  observation  of  the  tube 
bundles. 


Fig.  4.  Representative  TEM  (a,  b)  and  HRTEM  (c)  images  of  the  Y(OH)3 -coated  Ni(OH)2  composite  tubes. 


Fig.  6  shows  the  discharge  curves  of  the  Y(OH)3 -coated 
Ni(OH)2  tube  (A),  pure  Ni(OH)2  tube  (B)  and  spherical 
Ni(OH)2  powder  (C)  electrodes  in  the  tenth  cycle.  As  seen 
from  Fig.  6,  the  discharge  capacity  of  A  is  282  mAh  g-1, 
which  is  much  higher  than  that  of  C  (265  mAh  g-1 ).  Further- 

- B 


Potential  (V)  vs.  Hg/HgO 

Fig.  5.  Cyclic  voltammograms  of  (A)  Y(OH)3 -coated  Ni(OH)2  tube,  (B) 
pure  Ni(OH)2  tube  and  (C)  spherical-powder  electrodes  at  20  °C;  scan  rate: 
0.5  mV  s_1. 


more,  the  discharge  curve  of  A  displays  a  higher  discharge 
voltage  than  that  of  B  and  C.  Thus,  it  can  be  concluded  that 
much  more  active  material  can  be  utilized  during  discharge 
process  in  the  electrode  made  by  the  Y (OH)3  -coated  Ni(OH)2 
composite  tube.  Note  that  the  highest  discharge  capacity  of 
315  mAh  g- 1  was  obtained  for  the  electrode  made  by  the  pure 


Capacity  (mAh  g*1) 

Fig.  6.  Discharge  curves  for  (A)  Y(OH)3 -coated  Ni(OH)2  tube,  (B)  pure 
Ni(OH)2  tube  and  (C)  spherical  Ni(OH)2  powder  electrodes  at  the  discharge 
current  density  of  50  mA  g~ 1  and  20  °C. 


F.-Y.  Cheng  et  al.  /  Journal  of  Power  Sources  150  (2005)  255-260 


259 


Fig.  7.  Discharge  capacities  of  the  (A)  Y(OH)3 -coated  Ni(OH)2  tube,  (B) 
pure  Ni(OH)2  tube  and  (C)  spherical  Ni(OH)2  powder  electrodes  at  different 
temperatures  with  a  discharge  rate  of  0.2  C. 


Cycle  (No.) 


Fig.  9.  Cycle  life  of  the  Y(OFI)3 -coated  Ni(OH)2  tube  electrode  at  20  °C. 


Ni(OH)2  tubes.  This  indicates  that  in  addition  to  the  phase 
transformation  of  (3-Ni(OH)2  to  (3-NiOOH,  partial  formation 
of  y-NiOOH  occurred. 

Fig.  7  illustrated  the  effect  of  the  working  temperature 
on  the  electrode  capacity  at  a  discharge  current  density 
of  50mAg-1.  At  60  °C,  the  Y(OFl)3 -coated  Ni(OH)2  tube 
electrode  still  retained  about  91.8%  of  the  capacity  at  the 
discharge  of  20  °C,  while  the  pure  Ni(OH)2  tube  electrode 
and  spherical-powder  electrode  only  showed  80.0  and  74.7% 
of  their  values  at  20  °C,  respectively.  It  can  be  seen  that 
as  the  working  temperature  increases,  the  discharge  capac¬ 
ity  of  the  composite  tube  electrode  decreases  much  more 
slowly  than  that  of  pure  tube  electrode  and  spherical-powder 
electrode. 

The  effect  of  the  discharge  current  density  on  the  elec¬ 
trode  capacity  at  20  °C  is  further  illustrated  in  Fig.  8.  It  can 
be  seen  that  the  capacity  of  the  composite  tube  electrode 
decreased  more  slowly  with  the  increasing  discharge  cur- 


Discharge  current  density  (mA  g1) 

Fig.  8.  Discharge  capacities  of  the  (A)  Y(OH)3 -coated  Ni(OH)2  tube,  (B) 
pure  Ni(OH)2  tube  and  (C)  spherical  Ni(OH)2  powder  electrodes  at  different 
discharge  current  densities  with  the  temperature  of  20  °C. 


rent  density  compared  with  the  pure  tube  electrode  and  the 
spherical-powder  electrode.  Therefore,  the  composite  tube 
electrode  exhibits  much  better  electrochemical  performance 
at  high  discharge  current  densities  and  at  high  working  tem¬ 
peratures. 

Since  the  Y(OH)3 -coated  Ni(OH)2  tube  electrode  shows 
excellent  CV,  high-rate  discharge,  and  high-temperature 
working  properties,  its  cycle  life  was  further  tested  (Fig.  9). 
It  can  found  that  the  capacity  of  the  composite  tube  elec¬ 
trode  decreased  by  only  about  2.3%  after  a  preliminary 
test  of  100  charge/discharge  cycles  at  50  mA  g-1  with  100% 
depth  of  charge  and  discharge.  An  average  capacity  fading  of 
0.065  mAh  g-1  per  cycle  occurred,  indicating  a  high  stability 
of  the  composite  tube  during  the  cycling  process. 

The  interesting  question  is  why  the  Y(OH)3 -coated 
Ni(OH)2  tube  electrode  shows  better  comprehensive  per¬ 
formance.  An  interpretation  follows.  The  as- synthesized 
Y(OH)3 -coated  Ni(OH)2  tube  has  a  small  crystal  size  and 
large  surface  area,  which  helps  to  enhance  the  contact 
between  the  active  material  and  the  electrolyte.  Meanwhile, 
the  hollow  structure  of  the  tube  allows  diffusion  to  occur  eas¬ 
ily.  As  shown  in  Fig.  10,  ionic  diffusion  can  proceed  along 
both  sides  of  the  tube  walls,  while  it  can  merely  occur  through 
the  surface  of  the  sphere.  As  we  know  that  the  step  of  the 
proton  diffusion  is  the  rate-determining  step  in  nickel  hydrox¬ 
ide  electrode  [18],  it  is  thus  that  the  increase  of  the  rate 
of  the  proton  diffusion  results  in  the  decrease  of  electrode 
polarization.  In  addition,  the  coated  Y(OH)3  may  suppress 
y-NiOOH  formation  during  charge-discharge  cycling.  This 
may  decrease  the  electrode  capacity  but  it  can  improve  the 
utilization  of  the  active  material.  Furthermore,  the  compos¬ 
ite  tube  structure  with  Y(OH)3  coating  may  cause  changes 
in  the  electronic  properties  and  act  as  a  barrier  for  electron 
transfer  in  the  oxygen-evolution  process,  which  contributes 
to  superior  electrode  performance  at  high  current  density 
and  high-temperature.  Accordingly,  the  excellent  behavior 
of  Y(OH)3 -coated  Ni(OH)2  tube  electrode  is  reasonable  and 
readily  understood. 
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Spherical  powder 

Fig.  10.  Sketch  diagram  showing  the  diffusion  comparison  in  a  tube  and  a  spherical-powder. 


It  is  highly  noted  that  polymer  and  block  copolymer  have 
been  recently  employed  as  soft  templates  [19]  in  preparing 
nanomaterials  in  order  to  meet  the  needs  of  practical  appli¬ 
cation.  Our  further  work  is  focused  on  utilizing  certain  soft 
templates  to  substitute  alumina  membranes  for  synthesizing 
Y(OH)3 -coated  Ni(OH)2  tubes  and  other  composite  tubes  in 
large-scale  production. 


4.  Conclusions 

Y(OH)3 -coated  Ni(OH)2  tubes  were  prepared  by  a  tem¬ 
plate  method  under  ambient  conditions.  XRD,  EDS,  SEM, 
TEM,  and  HRTEM  measurements  showed  that  the  com¬ 
posite  tube  structure  composes  of  Y(OH)3  and  Ni(OH)2 
layers  and  the  tube  is  of  mesoscale  dimension.  Electro¬ 
chemical  measurements  revealed  that  the  composite  tube 
electrode  exhibits  excellent  charge/discharge  performance, 
especially  at  high-rate  and  high- temperature  working.  There¬ 
fore,  Y(OH)3 -coated  Ni(OH)2  tubes  are  promising  as 
the  positive-electrode  materials  of  alkaline  rechargeable 
batteries. 
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